[1] Bromoform (CHBr 3 ), dibromochloromethane (CHBr 2 Cl), and dibromomethane (CH 2 Br 2 ) in the atmosphere were measured at various sites, including tropical islands, the Arctic, and the open Pacific Ocean. Up to 40 ppt of bromoform was observed along the coasts of tropical islands under a sea breeze. Polybromomethane concentrations were highly correlated among the coastal samples, and the ratios CH 2 Br 2 /CHBr 3 and CHBr 2 Cl/ CHBr 3 showed a clear tendency to decrease with increasing CHBr 3 concentration. These findings are consistent with the observations that polybromomethanes are emitted mostly from macroalgae whose growth is highly localized to coastal areas and that CHBr 3 has the shortest lifetime among these three compounds. The relationship between the concentration ratios CHBr 3 /CH 2 Br 2 and CHBr 2 Cl/CH 2 Br 2 suggested a large mixing/ dilution effect on bromomethane ratios in coastal regions and yielded a rough estimate of 9 for the molar emission ratio of CHBr 3 /CH 2 Br 2 and of 0.7 for that of CHBr 2 Cl/CH 2 Br 2 . Using these ratios and an global emission estimate for CH 2 Br 2 (61 Gg/yr (Br)) calculated from its background concentration, the global emission rates of CHBr 3 and CHBr 2 Cl were calculated to be approximately 820(±310) Gg/yr (Br) and 43(±16) Gg/yr (Br), respectively, assuming that the bromomethanes ratios measured in this study are global representative. The estimated CHBr 3 emission is consistent with that estimated in a very recent study by integrating the sea-to-air flux database. Thus the contribution of CHBr 3 and CHBr 2 Cl to inorganic Br in the atmosphere is likely to be more important than previously thought. Citation: Yokouchi, Y., et al. (2005), Correlations and emission ratios among bromoform, dibromochloromethane, and dibromomethane in the atmosphere,
Introduction
[2] Polybromomethanes such as bromoform (CHBr 3 ) are produced mostly by marine macroalgae [Manley et al., 1992; Sturges et al., 1992; Itoh, 1997; , and some of what is produced is emitted into the atmosphere. There, polybromomethanes undergo photolytic degradation and react with hydroxyl radical (OH) to produce inorganic bromine, which affects stratospheric/tropospheric ozone chemistry. Polybromomethanes produced by marine macroalgae are estimated to account for 15% of stratospheric bromine, but with great uncertainty [World Meteorological Organization (WMO) , 2003], owing primarily to poor characterization of their emission strength and difficulties in modeling the complexities of the transport processes.
[3] Measured concentrations of polybromomethanes in the marine boundary air vary greatly because of their localized source distribution and short atmospheric lifetimes. Typical values over the open ocean are 0.2 -3 ppt for CHBr 3 , 0.1 -0.5 ppt for dibromochloromethane (CHBr 2 Cl), and 0.5-2 ppt for dibromomethane (CH 2 Br 2 ), and concentrations are significantly higher in coastal regions, especially that of CHBr 3 , which occasionally exceeds 10 ppt [Penkett et al., 1985; Class and Ballschmiter, 1988; Blake et al., 1999 Blake et al., , 2001 Blake et al., , 2003 Atlas et al., 1992 Atlas et al., , 1993 Schall and Heumann, 1993; Yokouchi et al., 1997 Yokouchi et al., , 1999 Schauffler et al., 1999; Carpenter et al., 2003; Quack and Wallace, 2003] .
[4] Global emission rates of polybromomethanes have been estimated on the basis of background concentrations and atmospheric lifetimes, or by integrating the sea-to-air flux. Concentrations in the tropical boundary layer (1.1 -1.83 ppt for CHBr 3 , 0.07-0.20 ppt for CHBr 2 Cl, and 1.07-1.33 ppt for CH 2 Br 2 ) from Blake et al. [1999 Blake et al. [ , 2001 Blake et al. [ , 2003 [WMO, 2003] ) would lead to their global emission rates being underestimated by this method, owing to their high concentrations in source regions being neglected; whereas the lifetime of CH 2 Br 2 , 120 days, would seem to be long enough for it to become uniformly distributed throughout the troposphere. Emission estimates based on oceanic flux studies are available for CHBr 3 . estimated global CHBr 3 emission to be 220 Gg/yr by summing the amounts of CHBr 3 released from macroalgae, and their result is consistent with sinkbased estimates. Recently, a much higher estimate for CHBr 3 emission, 800 Gg/yr (Br) (240 -1760 Gg/yr), has been reported by Quack and Wallace [2003] , who reassessed oceanic emissions on the basis of published aqueous and airborne concentration data.
[5] In this study, we measured concentrations of these three bromomethanes in various areas and used their ratios to deduce their emission rates. Figure 1 .
Experiment
[7] Air samples were collected in evacuated stainless steel canisters, most of which were 6-L fused-silica-lined canisters (Silico-can, Restek Co. Ltd.), and analyses were done by preconcentration/capillary gas chromatography/ mass spectroscopy (GC/MS). Details of the sampling and analytical methods have been published elsewhere [Li et al., 1994; Yokouchi et al., 1999] . Selected ion monitoring was employed; ions monitored for quantification were m/z (mass to charge ratio) 174 for CH 2 Br 2 , m/z 173 for CHBr 3 , and m/z 129 for CHBr 2 Cl. The three polybromomethanes were quantified on the basis of their sensitivity relative to tetrachloroethylene (C 2 Cl 4 ) (monitored ion, m/z 166), which was a component of the working standard (100 ppt in a polished aluminum cylinder). The sensitivities relative to C 2 Cl 4 were determined on the basis of the analysis of a vaporized liquid standard, and the results were consistent with those obtained from a primary standard gas containing 1 ppm each of CH 2 Br 2 , CHBr 3 , and C 2 Cl 4 (CHBr 2 Cl was not included in the standard). The primary standard gas was analyzed at least once a month, and the relative sensitivity of CH 2 Br 2 /C 2 Cl 4 showed a standard deviation of 13%, and that of CHBr 3 /C 2 Cl 4 5%, for the whole observational period. Assuming a similar deviation for the ratio CHBr 2 Cl/C 2 Cl 4 and taking into account the 3 -5% measurement error for these compounds, based on dual samples collected at Cape Grim and Alert, we can expect an analytical precision of around 20% for the measurements of polybromomethanes in this study. A stability test for these compounds in the canisters had shown no significant change for 6 months after sampling [Yokouchi et al., 1999] .
Results and Discussion
[8] Average, maximum, and minimum values of the polybromomethane concentrations at each site are listed in Table 1 . The highest concentrations were observed at tropical coastal sites on San Cristobal Island (S-1), and Christmas Island (C-1, C-2). The mean concentrations of CHBr 3 at these three sites, which ranged from about 14 to 24 ppt, are within the top 5% of 100 separate mean values for CHBr 3 in marine air measured worldwide (reviewed by Quack and Wallace [2003] ). Because most air arriving in the lower stratosphere passes through the tropical tropopause [Holton et al., 1995; WMO, 2003] , high emissions of polybromomethanes from sites near tropical islands may contribute greatly to stratospheric ozone depletion [Salawitch et al., 2005] . At other sites on these same islands (S-2 on San Cristobal Island and C-3 on Christmas Island), polybromomethane concentrations were substantially lower. Sites S-1, C-1, and C-2 are directly exposed to onshore winds, whereas the winds affecting sites S-2 and C-3 have first rounded or crossed over the islands. After those measured on the equatorial islands, the next highest concentrations of polybromomethanes were detected at Cape Ochiishi, Rishiri Island, and Cape Grim, which are coastal temperate zone sites. The lowest concentrations were found over the open western Pacific Ocean and inland on Java Island; their mean values (0.9 -1.1 ppt for CHBr 3 , 0.2 ppt for CHBr 2 Cl, and 0.9-1.0 ppt for CH 2 Br 2 ) were similar to background concentrations that have been measured during airborne expeditions over the Pacific Ocean: TRACE-P, PEM-Tropics B, and PEM-Tropics A (median values: 1.1-1.83 ppt for CHBr 3 , 0.07-0.20 ppt for CHBr 2 Cl, and 1.07-1.33 ppt for CH 2 Br 2 [WMO, 2003; after Blake et al., 1999 after Blake et al., , 2001 after Blake et al., , 2003 ). These findings are consistent with the observation that polybromomethanes are mostly emitted from localized macroalgal sources in coastal regions and become diffused over the open ocean or in inland areas, where they undergo chemical reaction. Recently, Quack et al. [2004] reported an evidence of a source of CHBr 3 throughout the tropical Atlantic. So, there is a possibility that the data from equatorial Pacific might also be affected somewhat by an open oceanic source of polybromomethanes.
[9] In Figure 2 , we present the relationships between CH 2 Br 2 and CHBr 3 and between CHBr 2 Cl and CHBr 3 for each of the data sets. Correlations were high for the coastal [10] In Figure 3 , the concentration ratios of CH 2 Br 2 / CHBr 3 and CHBr 2 Cl/CHBr 3 are plotted against CHBr 3 concentrations on a log -log scale. Both these ratios decreased with increasing CHBr 3 concentration. CHBr 3 concentration-dependent changes of polybromomethane concentration ratios have also been reported in previous studies for the Arctic [Li et al., 1994] and for Mace Head, Ireland [Carpenter et al., 2003] , and these changes have been discussed mostly in terms of differences in the chemical reactivities of these compounds in the atmosphere. That is, changes in the concentration of CHBr 3 , which has a relatively short atmospheric lifetime, are expected to be more pronounced than changes in the concentrations of the longer-lived CH 2 Br 2 and CHBr 2 Cl. However, dilution of samples with background air in which the longer-lived polybromomethanes are present at higher percentages than in emission gases would result in a similar relationship; that is, the ratios CH 2 Br 2 /CHBr 3 and CHBr 2 Cl/CHBr 3 would be higher at lower concentrations of CHBr 3 . Near an emission source, such as at San Cristobal Island, such mixing and dilution might be expected to contribute more to reductions in polybromomethane concentrations than chemical decay.
[11] The effects of chemical decay and dilution on the concentration ratios of atmospheric gases have been studied quantitatively by McKeen and Liu [1993] . For three species, X, Y, and Z (where t X > t Y > t Z , t = atmospheric lifetime), they defined a ''dilution line'' and a ''chemical decay line'' on a log -log plot of the concentration ratios Z/X versus Y/X by assuming that the species have common sources and that their emission ratios are constant on a regional scale. The dilution line, which represents the relationship for the case where all three species are inert and the background concentrations of species Y and Z are zero, is a straight line with slope 1 on a log-log plot, on which the data points for more diluted air tend to lie along the lower end. The chemical decay line, which indicates the relationship for the case where removal of a species is governed by a pseudo-firstorder chemical reaction, is a straight line whose slope is predicted by the ratio (k Z À k X )/(k Y À k X ), where k X , k Y , and k Z are the rate constants for X, Y, and Z, respectively, in the pseudo-first-order chemical reaction [Roberts et al., 1984; Parrish et al., 1992; McKeen and Liu, 1993] . These two lines cross at the point equivalent to the emission ratios Z/X and Y/X.
[12] For a mesoscale model, McKeen and Liu [1993] have shown that all calculated hydrocarbon ratios lie between the photochemical decay (lower limit) and dilution (upper limit) lines, with the emission ratio at the top of the envelope. Thus they showed that the concentration ratio is a function of both chemistry and atmospheric transport, and such ratios are meaningful as a gauge of net atmospheric processing of an emission plume.
[13] Here, we wished to use the above-described relationship to deduce the emission ratios of polybromomethanes. (Figure 4) . Here the data sets from the same island (S-1 and S-2, C-1 and C-2 and C-3, R-1 and R-2) were combined. The result for the data set from San Cristobal (Figure 4a ) approximated a dilution line with a slope of 1 (dotted lines in Figure 4) , suggesting that the change of polybromomethane ratios at that site was caused by dilution with background air having extremely low levels of CHBr 3 and CHBr 2 Cl. This interpretation is reasonable because the island is surrounded by open ocean and the sampling sites were very close to the coastal sources, thus allowing no reactive loss during transport. When we plotted the same ratios for other data sets from coastal sites (Christmas Island, Cape Ochiishi, Rishiri Island, Cape Grim), the points generally close to the dilution line (Figures 4b-4e) . Data sets from the other sites, however, showed more scattered plots, and most data points plotted below the dilution line, suggesting that the ratios were affected by chemical decay during a long period of transport.
[14] All the data sets shown as separate plots in Figures  4a -4g (excluding the inland data) are shown together in one graph in Figure 5 are expected to lie in the envelope defined by the dilution and decay lines, with the emission ratio at the top where the lines intersect. The slope of the decay line, (k CHBr3 À k CH2Br2 )/(k CHBr2Cl À k CH2Br2 ), was calculated from the lifetime of each species (CHBr 3 , 26 days; CHBr 2 Cl, 69 days; CH 2 Br 2 , 120 days) to be 4.89.
[15] The global emission rates, estimated on the basis of atmospheric sink values, of CHBr 3 (200 Gg/yr (Br)), CHBr 2 Cl (12 Gg/yr (Br)), and CH 2 Br 2 (58 Gg/yr (Br)) [WMO, 1999 [WMO, , 2003 Figure 5) . Most of the observed data points are outside of the envelope defined by these emission ratios. Apparently, the emission ratios of both [CHBr 3 Figure 5 . Again, most of the data points fall outside of the envelope defined by that emission ratio. A possible explanation for this inconsistency is that the slope of the concentration correlations does not represent the emission ratios correctly when the chemical reactive loss is not negligible. Other reasons may be the different sampling sites or times from the present study, and different calibration scales used by Carpenter et al. [2003] compared to this study.
[16] If we assume that the ratios of polybromomethane emission rates are the same from various source regions of the oceans, then the emission ratios would be predicted by the top of the envelope that includes most of the data points Figure 5 ). The analytical precision of around 20% for the measurements of polybromomethanes in this study) would give a combined error of 28% for their ratios (For multiplication and division, error is propagated as the squared relative standard deviation). Assuming a possible error of the line fitting around 20%, the estimated emission ratios come up with a total uncertainty of 35%. Considering that it is not possible to collect any emission gas before it has become mixed and diluted, the emission ratio might lie even higher along the dilution line. These high emission ratios of [CHBr 3 [17] Using the above estimated ratios and the global emission rate of CH 2 Br 2 estimated from the background concentration (61 ± 6 Gg/yr (Br), the range is 25th -75th quartile [WMO, 2003] ) (which we consider to be a more reliable estimate than those for CHBr 3 and CHBr 2 Cl because of the longer lifetime of CH 2 Br 2 ), we calculated the global emission rates of CHBr 3 and CHBr 2 Cl to be approximately 820 ± 310 Gg/yr (Br) and 43 ± 16 Gg/yr (Br), respectively. Here, the total error, 38% came from the combination of 15% error of CH 2 Br 2 estimate (standard deviation equals to 1.5 Â quartile deviation for normally distributed data) and 35% error of the molar ratios above discussed. The estimated CHBr 3 emission rate is consistent with that reported recently by Quack and Wallace [2003] , who integrated the sea-to-air flux by using atmospheric and oceanic database values (3-22 Gmol/yr (Br) or 240-1760 Gg/y(Br)), and it is much higher than the estimates based on background concentrations. The contribution of naturally derived polybromomethanes as a source of atmospheric inorganic Br is thus likely to be more important than previously thought. Particularly high emission of bromoform, as high as 820±310 Gg Br/y, should be contributing to the tropospheric ozone destruction in the marine boundary layer very efficiently.
[18] In this study, we estimated emission ratios of CHBr 3 and CHBr 2 Cl versus CH 2 Br 2 that are much higher than those previously reported, and from these ratios and the reported emission rate for CH 2 Br 2 , we calculated the global emission rates of CHBr 3 and CHBr 2 Cl. Our estimates are based on the assumptions that (1) regional polybromomethane emission ratios are constant and (2) the atmosphericsink-based estimate for the global emission rate of CH 2 Br 2 is accurate. Further investigations taking into account more detailed sea-to-air flux measurements and using measurements of polybromomethanes from a variety of source regions might give more insight into polybromomethane emission rates.
